The integration of different stakeholders' perspectives when planning large-scale infrastructure projects such as power transmission lines is becoming increasingly important in the public debate. Partly conflicting interests of stakeholders should be taken into account in order to allow for best possible routing of new lines. Particularly when transmission lines which are bridging large distances are considered, externalities within this complex setting include social, ecological, economical and technical dimensions. An optimal routing of lines may help address different issues, such as public resistance. Models for the investigation of these large-area impacts for optimal route formation often only cover small regions or lack the georeferenced data necessary to quantify different criteria. We develop an open-source approach which allows for transparent and replicable route determination, tracing, and assessment covering the whole of Europe. Therefore, we provide several friction layers with high spatial resolution. Each layer represents a criterion affecting the routing of a power line. Together with the start and end point of a construction project, this allows for creating accumulated cost rasters for various relationships between the weightings of the perspectives which are relevant during line infrastructure routing processes. The present work explains the underlying methods of data collection, processing, and algorithms of data preparation, route generation, and assessment. Subsequently, this approach is verified with two case studies of HVDC transmission lines which are currently in the planning stages. All processed datasets and applied scripts described in this paper are open-access and made publicly available. Hence, this should support the current project routing debate by providing more transparency and by improving stakeholder involvement.
Introduction
System integration of fluctuating renewable energy sources is the key challenge for energy transition. Thereby, a flexible energy system is crucial. Besides flexible power plants, storage systems, and demand-side management, the most widespread option is transmitting electricity via the electricity grid to provide flexibility through spatial balancing between often remote areas of high renewable electricity generation and cities or industrialized areas with high demand [1] [2] [3] . The integration of a large amount of renewable power in connection with the efforts to achieve a congestion-free European internal market for electricity [4] results in a significant need for grid extension, especially in Germany, but also Europe-wide. Due to the significant need for long-distance transport, the current AC transmission network will be extended by new high voltage direct current transmission (HVDC) lines [5] [6] [7] . However, recent power line projects demonstrate that, besides technical and economic challenges, electricity grid extensions in general face socio-environmental concerns [8, 9] . Thus, on the one hand, infrastructure owners are interested in a cost-effective construction process. On the other hand, such large-scale infrastructure projects imply notable externalities. This leads to partly conflicting interests concerning the presumably optimal route of new power lines, which have to be taken into account.
A consideration of these stakeholder interests for possible optimal routes of grid-based infrastructure projects is addressed on a least-cost path approach in a variety of papers. This is done, particularly to determine least-cost paths for new electric lines [10] [11] [12] [13] [14] . However, such an approach may also be applied to other infrastructure projects such as road courses [15] [16] [17] , pipelines [18] [19] [20] , and route optimization for trucks on rough areas such as opencast mining sites [21] . Appendix B presents an overview of studies which cope with finding and assessing least-cost paths of certain infrastructure routes. However, models for infrastructure projects with lengths in the order of conventional HVDC overhead power lines have not yet been discussed. The examples mentioned above currently cover only smaller regions, often focusing on only a few of the criteria while neglecting the remaining ones. Furthermore, the existing studies deal exclusively with single selected projects. The methods and results as well as the data basis are therefore only transferable to a limited extent. The data in those studies are often unavailable for public review.
To close this data gap, especially for large-scale infrastructure projects, we developed and provided open-access data and scripts which allow for transparent and replicable multi-criteria route determination, tracing, and assessment. Several geodata layers in the form of single highly spatially resolved rasters covering the whole of Europe were provided (the geodata we derived from OSM are available here: https://zenodo.org/record/2538062#.XJJLGxP0nmE, all other layers can be found at https://zenodo.org/record/2594685#.XJJKTRP0nmE). In addition, our open-access scripts allow for the application of those layers to geoinformation system (GIS) based least-cost path (LCP) multi-criteria analyses (all the scripts are available here: https://github.com/samarthii th/PowerLine-GIS; they are written in Python using Jupyter Notebook (https://jupyter.org) with detailed documentation for ease of usage). Each layer represents a criterion potentially affecting the routing of a power line. By classifying these criteria, our approach allows for the consideration of the economic, ecological/environmental, social/acceptance-related as well as the technical/infrastructural dimensions of the project of interest. Different data layers are available and can be assigned to the four mentioned dimensions, such as protected areas as a criterion for the dimension environment and population density as one proxy for public resistance, which can be assigned to the dimension acceptance. The classification of the layer specific criteria to these dimensions is shown in Figure 1 . In addition to describing and documenting our general open access approach, we demonstrate the functionality in two case studies. Since no accurate costs could be assigned to the individual criteria for the economic dimension, only non-monetary dimensions are considered for this application. For economic analysis, the dataset provides fundamental information. However, for a detailed economic evaluation, georeferenced information such as public and private ownership and subsoil quality as well as non-georeferenced information such as cable technology and pylon type are necessary.
The remainder of this paper is organized as follows. In Section 2, we describe source, conversion steps, and preparation of considered input data grids. Section 3 describes data scaling and the methods available on an open-access platform. Hereby, we briefly outline the particularities of our LCP approach. For demonstration purposes, in Section 4, two case studies of planned DC lines with very different geographical characteristics are examined and analyzed with the script and geodataset provided. Section 5 concludes our study. 
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In the following, the origin of the single geodata layers is described as well as-if carried out-the processing steps for the subsequent analysis. Four different dimensions (environment, acceptance, infrastructure, and economy) were taken into account, with each assigned individual criteria for the operationalization of the multi-criteria evaluation. The selection of criteria was derived from the results of our literature research and largely correspond to the criteria used in previous studies (see Table A2 ). The Corine dataset in particular covers a large number of criteria which are otherwise specified individually in the studies (e.g., wetland, forests, recreation, etc.). The set of criteria (and thus, layers) can be adjusted to include further (or less) information as well as to isolate the impact of specific criteria.
For each dataset included in the present work, a conversion of the original data into a 500 m raster with the raster calculator implemented in QGIS (description of [22] ) was applied as a processing step. The resolution is reduced to cope with the resulting file size. Both the calculation time and the amount of data were significantly reduced as a result of the reduction. The lower resolution also enabled the calculation of optimal routes for very long and transnational transmission lines. At the same time, however, the resolution is still above that of some projects with a smaller geographical scope (see Table A2 ). To allow for the evaluation of paths, the original datasets must also be classified in order to ensure comparability of the input parameters. The classification procedure is described in Section 3.1 later on.
Economic Dimension
Our data partially allow for considering the economic dimension from a grid operator's perspective in two ways. The length of a line results in higher expenditures in general, although expenditures are not only driven by length but also by the properties of the underlying terrain and its ownership structure. As in a raster model, the length of a line results in additional necessary grid fields, and the amount of grid fields covered by a line can be taken as a criterion. Hereby, each additional covered grid cell causes additional expenditures and, thus, capital expenditure increases depending on the covered distance. For the evaluation of the distance of a path, for example for Germany, 1.4 mEUR for each kilometer of a DC line can be estimated [23] . To also fundamentally consider the properties of the underlying terrain, we assumed that a high slope of the terrain causes an increase of expenditures.
Only sparse information about the expenditures depending on the gradient for power lines can be found. We derived slope from elevation data as described in the following subsections.
Elevation
The elevation data originate from the EEA [24] . The resolution of the original data corresponds to about 25 m and they are available in raster format.
The transformation of the elevation data into a lower resolution leads to the loss of a considerable amount of information. In this example, the loss of information is particularly high in small valleys and mountains. However, since DC infrastructure projects require more than 25 m wide space and therefore cannot be built in these small areas anyway, this loss of information is acceptable. Depending on the required dimensions of the infrastructure, the resolution should be increased again to 25 m. In principle, this can also be done for other datasets available for Europe. Figure 2 shows the resulting elevation raster. 
Slope
The slope was calculated directly from the previously described elevation data. The elevation data of the 500 m grid were converted to slope using a function in QGIS. Based on a first-order derivation estimate, this function calculates the tilt angle for each raster cell in degrees.
For the gradient, as for the elevation data, the loss of information is significant, especially for elevation differences in small areas. In the case of river courses or mountainous areas, however, the topographical characteristics of the surroundings are well reproduced. Accordingly, the data on gradients are considered sufficient for this application. Figure 3 shows the resulting slope raster.
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Environmental Dimension
In this paper, three criteria for the environmental impact are proposed: (1) the landscape assessment, which provides direct and indirect information about the preservation value; (2) areas under special protection, e.g., habitat preservation; and (3) river courses are included in the assessment of the environmental dimension.
Land Quality Assessment
Land quality assessment helps to quantify the value of a landscape. Therefore, we assume values for different types of areas, whereby, e.g., recreational areas receive a higher value than industrial sites. The quantification of land quality was performed as follows: In a first step, the Corine Land Cover (CLC) data from European Environment Agency [25] were used to assess the quality of the landscape. These data are provided by the Copernicaus Land Monitoring Service web portal [25] . These CLC data are available in a resolution of 100 m and in a raster format. The dataset used here was CLC2012, which refers to the reference year 2012. The CLC data provide information on the primary landscape use in the raster field and comprise 44 different classes. To assess landscape quality, each landscape class in the CLC data was assigned an assessment variable. A high rating corresponds to a landscape's high quality. The codification of the landscape classes for landscape assessment can be found in the Appendix (Table A3 ). This coding originates from the work in [26] , which in turn is based on a large-scale study on the determination of landscape aesthetics in Germany [27] . Figure 4 shows the resulting land quality assessment raster. Land quality Generally, the evaluation of the landscape quality leads to a high evaluation of forest areas in particular, which are thus classified as worthy of protection. Based on the work in [25] , a medium rating is given primarily to areas in which agriculture is practiced and a wide variety of agricultural products are cultivated. A low evaluation is assigned to areas which have been strongly altered by humans and which have a lasting influence on the aesthetic appearance of the landscape. These include, for example, industrial areas, dump sites, and open-cast mining areas.
Once the CLC data on the 100 m grid were assigned an assessment concerning landscape quality, they could be transformed to another grid. In this case, the bi-linear function for determining the new values in the 500 m grid was selected as the sampling method.
Protected Area
This criterion should help to avoid routing through protected areas and is thus an important indicator. The following data and procedure were used: By using the World Database on Protected Areas (WDPA) [28] , environmental criteria were further specified by terrestrial protected area. The dataset is provided by UN Environment and the International Union for Conservation of Nature (IUCN) ( [28] ). The protected areas are projected as multi-polygons. We converted the vector file into a raster file, whereby each grid point containing a protected area received the value of ten and the remaining points a value of zero. Thus, when multiplying each cell of this layer with a weighting factor or when re-scaling it, only cells which stand for protected areas are taken into account, whereas the other cells which have a value of zero remain zero and do not alter the results. Figure 5 shows the resulting protected area raster.
River Courses
Aside from the Corine dataset, river courses were taken into account separately. This extra layer is provided for two reasons: On the one hand, we noticed that Corine does not show the complete environmentally relevant area of river courses, neglecting the riverside region. Those regions are considered in this extra layer. On the other hand, in this way, we increase the value of rivers in order to avoid multiple river crossings of line routes. River courses were extracted from the Open Street Map (OSM) database [29] . In a first step, an extract from the database was generated, which covers Europe. This extract is from the Geofabrik Download Server [30] . In a second step, the database was filtered by terms describing rivers. The search term waterway:river was used and extracted from the database using the Osmosis tool [31] . The resulting layer was then rasterized to a 500 m grid using QGIS. If a grid cell contains a river, a value of ten was assigned to the grid. In the other case, no value was entered in the grid field. 
Acceptance Dimension
The acceptance of infrastructure projects can generally be classified as low if the respective individual is directly affected by the project. This acceptance problem is often described in the literature as a so-called Not In My Backyard (NIMBY) problem (cf. [32] [33] [34] ). In the case of positive external effects, however, it can reverse and even increase acceptance. In our case, we assume that infrastructure projects only have a negative impact on acceptance. To measure the acceptance of the respective project, the population density was defined as one criterion. The source of population density is a raster grid provided by the European Union ( [35] ), which expresses the number of people per pixel with a resolution of 250 times 250 m. This particular dataset covered the year 2015. We re-rasterized it to a 500 m grid using bi-linear filtering. Figure 6 shows the resulting population raster.
Infrastructure Dimension
The final dimension for the evaluation of the infrastructure projects is already existing infrastructure. We expect that following the existing infrastructure would mitigate the negative effect of new projects. This can be explained one the one hand by the fact that several stakeholders were already taken into account during the planning of the existing infrastructure, and on the other hand by the fact that the acceptance of the new project increases if it is constructed in areas which are already used for other infrastructure, with the condition that the areas concerned are public property. We consider three different types of existing infrastructure: railway lines, motorways, and high-voltage power lines. Here, too, it is conceivable that the existing dataset could be extended by further factors. Wind turbines could be an example here. 
Railroads
The data for the railway lines were also taken from the OSM database. To filter the useful data, the term railway:rails was used in the Osmosis environment. Since this search term often adds tram lines in urban areas to the result, another filter was used to exclude them. The term usage:main only outputs those railway lines which are heavily used and thus ensures that only those railway lines are selected which actually have a high negative impact on the environment due to their high traffic volume. All rasters were assigned the value of ten if there was a railway track found within them.
Highways
Another criteria is existing motorways. Again, data were extracted from OSM. Osmosis was used to select data under the search term highway:motorway. These roads are characterized by the fact that they usually have several lanes and a high traffic volume. Thus, the negative environmental impact is relatively high with regard to both the visual and the acoustic dimensions. Another possibility would have been national roads, which can be queried with the help of the highway:primary filter. These roads, however, are not homogeneous in their environmental impact, as this term covers roads which vary in size and load depending on the country. Due to this in-homogeneity, we did not process national roads further and focused only on motorways. The raster cells with a motorways were assigned the value of ten; all others were assigned the value zero.
Electricity Grid
The last criteria which considers the existing infrastructure dimension is high voltage power lines. To obtain this information, data from the OSM database were extracted under the search terms power:lines and power:cable using Osmosis. This search term covers all lines that contain the extra-high voltage network and parts of the distribution network. From this dataset, all line elements with a low voltage were eliminated. This band includes all line elements up to 48 kilovolts. The rationale behind this is that only power lines with a high voltage are clearly visible due to their size and, therefore, only these have a significant negative environmental impact. All cells with a current path were assigned a value of ten, and all other cells a value of zero.
Multi-Criteria Approach Using Transformed and Clustered Gis-Data
As shown in Figure 1 , the different criteria were combined to form dimensions: acceptance, environment, and infrastructure. The aim of the proposed framework is to develop an understanding of the interplay between different dimensions relevant for DC line projects. For this purpose, a sweep of weighting factors of dimensions was carried out and optimal DC paths were determined. The paths thus obtained were evaluated based on the evaluation layers in Section 2. All scripts and data were open sourced and can easily be used to evaluate different projects. Next, we discuss in greater detail all the steps undertaken within the framework.
Data Scaling
All the raster layers were scaled to the same range of values from 0 to 10. The transformation of the different criteria to this ranking scale was necessary as a multi-criteria approach was chosen. In the case of slope, population, and elevation, there was a need to cluster the data, since simple transformation results in poor approximation due to extreme values in the raster fields. Jenks natural break classification was used for this purpose. Jenks classification clusters the data to minimize the average deviation of each class from class mean while at the same time maximizing the deviation of each class from other groups. The computation time for calculating the Jenks breaks is very high, and depends on the number of points over which the breaks are being calculated. To manage the computation time, a random sample size of 100,000 points was taken from the raster in order to calculate the Jenks breaks values. Based on these values, the entire raster was then mapped into 10 groups ranging in value from 0 to 10. The pre-implemented module (https://jenks-natural-breaks.r eadthedocs.io/en/latest/index.html) for Jenks classification was used for this purpose.
Calculation of Dimensions and Weighting
To calculate the three dimensions (acceptance, environmental, and infrastructure), the criteria within each dimension were combined, assigning equal weights to the criteria to assure a neutral perspective on each criteria. Deviating weightings require expert assessment, which was not the focus of the study. Thus, the dimension rasters were obtained according to following the equations.
Next, the dimension rasters needed to be combined to obtain total cost raster. The aim of the weighting of different dimensions was not to determine optimal weights that should be allocated to them, but rather to understand the interaction of these factors and their impact on different evaluation metrics. Hence, a sweep of different possible weighting factors was carried out.
The total cost raster was created for different combinations of weights assigned to the dimensions:
This work focused on DC line planning over land; the planning of DC lines in the sea would require a different set of data. Hence, the sea area was given very high weight (100) to effectively prevent the optimal line path from being drawn over these areas. The information about the sea area was extracted from the Corine Land Cover (CLC) data. City centers also present a challenge since it is not practical to construct DC lines within these areas. However, low land quality and high levels of existing infrastructure results in reduced total cost in these areas. Hence, to make the results more realistic, these areas were also given very high weight (100). The information about city centers was also extracted from the Corine Land Cover (CLC) data.
Least Cost Path
Based on weighting factors, a total cost raster was created. The cost raster can be read as a 2D array with costs in each cell corresponding to the total cost of that geographic area. Given the geographic start and end points, it is possible to map these points to cell location. Then, the least cost connected path can be found between these cells. The cost was the simple sum of the cost in cells through which the route passes. Scikit-image (https://scikit-image.org/) provides a module to calculate the least cost path though a 2D array given starting and end points.
Case Study
To demonstrate the mechanism of the developed approach and to show a possible application, a case study was conducted to determine the optimal path for DC lines based on different weighting factors for the influencing criteria. Two different areas were selected, which are notable for their very different properties of the decision criteria. Therefore, two DC projects were selected based on the ENTSO-E Ten Year Net Development Plan 2018 project sheets with corresponding Projects of Common Interest (PCI) (a description of all these projects can be found at: https://tyndp.entsoe.eu/tyndp2018/ projects/). The first project is located in Germany in a densely populated region with a large number of protected landscape areas and a dense network of existing infrastructure. This project is referred to as DC GER for the remainder of the paper. This project is expected to realize the transportation of large quantities of wind energy from the northeast of Germany to the demand center in Bavaria and is immanently important for the success of the German energy turnaround. In contrast, a DC project in Sweden and Finland, covering an area characterized in particular by a low population density, was analyzed. Henceforth, this project is referred to as DC SWE/FIN. The project in Scandinavia is also to be realized against the background of a better integration of renewable energies as well as to improve the exchange of electricity between Sweden and Finland. The project in Germany is based on the project named 130 according to the ENTSO-E list for PCI projects. The project in Scandinavia is composed of the projects 111, 96, and 197. For both projects, the start and end points were taken from the project descriptions. These form the basis for the subsequent calculations. The analysis includes numerous combinations of weighting factors for the dimensions acceptance, infrastructure, and environment. In total, more than 1000 calculations were made for each project in order to obtain a detailed overview of the influence of the weighting factors. The individual results were then referenced to the original influencing criteria and evaluated with regard to their significance. These evaluation metrics are presented in the following.
Evaluation Metrics
To measure the influence of different weighting factors, four evaluation measures were determined, which measure the similarity of the projects in general, on the one hand, and the influence on the environment, the inhabitants, and the length of the project, on the other hand.
•
People Affected: This dimension stands for the number of people who live in the field of a path. Therefore, we added up the cell values of the population grid which overlap with the cells representing the path in the route grid. • Protected Area: For this evaluation metric, the environmental impact was determined on the basis of the protected landscape areas. This was calculated by counting the number of cells the path crosses that were designated as landscape conservation areas. • Length: The exact length of the path can only be approximated at this point. For this purpose, the number of cells of the respective path were added up. • Path Overlap: To measure the congruence between the individual paths, a three-stage process was carried out. In Step 1, a buffer zone was created around the paths to be compared. The width of the selected buffer zone is 1.5 km (corresponding to 3 cells, since the resolution of the raster is 500 m × 500 m). In Step 2, the common area between the two paths (including the buffer zone) was calculated. Finally, the common area was normalized with the area of the reference path and the buffer zone. This gave a value in the range of 0 to 1, representing non to complete path overlap.
Routing Results
In the following, the results of the different weighting factors for the dimensions acceptance, environment, and infrastructure are presented and the influence of the weightings on the previously defined evaluation metrics is shown. All results are presented using ternary contour diagrams, which are able to show the effect of three dimensions on a fourth dimension. Figure 7 shows the results for the affected people of the project DC GER. Each combination of weights in terms of acceptance, infrastructure, and environment affects between 2000 (blue area) and 36,000 (red area) people. To gain an understanding of the complexity of the results, three exemplary points are discussed in more detail. Point A represents a high acceptance weight (0.75), while infrastructure (0.25) and environment (0.00) have a low or no priority. In this case, comparatively few people would be affected (about 4000 people). In the case of a low value for the infrastructure while simultaneously increasing the weight for the environment, the weight for acceptance is also directly reduced (Point B). This leads to an overall increase in the number of people affected to around 15,000. The combination of low priority of acceptance and environment and the high importance of using existing infrastructure leads to a comparatively high number of people affected (see Point C). Figure A1 in the Appendix visualizes the respective paths for each point, plus a route with equal weight on the three dimensions. It also shows the route corridor that has been proposed by the responsible grid transmission system operators according to Section 9 of the German Netzausbaubeschleunigungsgesetz Übertragungsnetz [36] . This corridor has a width of one kilometer and forms the basis for further planning. For better visualization, the original raster lines of routes are broadened. Figure 7 shows that there is a high sensitivity with regard to acceptance, since the change in the weight of this dimension has a considerable influence on the people affected. This result is not surprising, since the path for this project leads through an area with a high population density. However, a comparison of the dividing lines between the individual colours or the slope of the areas with the same colouring shows that these do not run parallel to the dividing lines for the weighting factor acceptance. The flattening of this slope is due in particular to the weighting factor of infrastructure. This can be observed, for example, by following the line along Points A-C or B-C. Figure 8 shows the influence of different weighting factors on the number of landscape protection areas crossed. In total, this number varies significantly from only 21 cells to up to 320 cells. In this context, it should be mentioned that the range of the total number of cells used is between 819 and 919. This means that up to one third of the project may pass through protected landscape areas. The main driver for a high burden on landscape protection areas is a low value of the environmental weighting, which is evident as well. However, besides that, it can be seen that a peak is reached with a simultaneous high weighting on the acceptance dimension. In this project, this is the case at 0.50 of the weight on acceptance and 0.50 on infrastructure. Under this setting, attempts are made to avoid densely populated areas. Consequently, areas with higher environmental impact are selected. In contrast to the previous results, the different combinations of weighting factors do not result in large differences in the number of crossed cells. However, there is a fairly sharp dividing line between relatively small line lengths (less than 850 crossed cells) and the maximum values (up to 919) in the top left of Figure 9 . In particular, weights above 0.50 for acceptance and below 0.50 for infrastructure mean that far fewer cells are crossed. In this case, the environment also has no major influence on the results. This indicates that in the project region, landscape protection areas can be avoided without a long detour. Overall, it becomes apparent that the infrastructure dimension has the greatest influence on the length of the project. A combination of avoidance of densely populated areas and high utilization of the existing infrastructure results in the maximum length of the project. Therefore, it is obvious that existing infrastructure crosses areas with high population density. Figure 10 shows which criteria lead to large deviations from the reference route. The reference route is the route that has the same weighting factor for all dimensions (i.e., 1/3 each). Thus, taking this as a starting point placed in the diagram center, there is 100% congruence of the transmission line pattern. A deviation from these points leads to a decrease of this congruence to 9%. A tolerance band shifted to the right appears around the center, in which deviations from the reference route are barely noticeable. Accordingly, it can be seen that the environmental dimension has limited influence on the route. Taking previous analyses into account, this is also due to the low occurrence or simple avoidance of environmentally relevant sections of the route. Strong deviations from the reference route can be observed with an increasing weighting of acceptance or infrastructure, while deviations in congruence with regard to the focus on infrastructure are caused in particular by the increased length of the route (see Figure 9 ). A stronger weighting of acceptance does not result in an overall longer route, but in a routing that is more divergent.
Case 1-DC GER
In comparison, the weight of the environment has a smaller influence on the result (see Line
In summary, for the DC GER project, it can be said that the existing infrastructure is crucial for the length of the DC route, followed by acceptance and environmental dimensions, which only have a decisive influence on the path in the extreme scenario with a weighting near 0. In addition, it is shown that it is possible to build a short route, which at the same time affects relatively few people and is environmentally friendly. This can be achieved with a high value for the acceptance, a medium value for the environment, and a very low value for the infrastructure. However, the question is whether such a route, despite its short length, is associated with relatively high capital expenditures, as there are only limited synergies with the existing infrastructure. In Appendix D, Figure A2 shows the deviation of the different determined routes from the route corridor that has been proposed officially by the transmission system operators.
Case 2-DC SWE/FIN
The second project is located in the north of Sweden and will enhance cross-border trade in electricity between Sweden and Finland. For this case study, the same analytic framework and the same procedure as for the DC GER project was used, in particular to highlight any differences that arise. The project in Sweden/Finland was selected because the project setting is quite different from the one in Germany, especially concerning the total population and the population density within this area. Consequently, lower population density results in more natural but not necessarily in more protected landscape areas. Figure 11 shows that very few people are affected by the majority of the project's variants. In most cases, the number of people affected is between 50 and 700. Unsurprisingly, the lowest value is not reached with a high weighting of the acceptance factors similar to the DC GER case. A special feature is a high weighting for the environmental factors and a low weighting for the acceptance factors. In this case, more than 5000 people would be affected by the project, which represents a disproportionate influence compared to the rest of the results. A very strong focus on the environmental aspects leads in this project to the fact that a relatively large number of people would be expected to bear adverse consequences. The number of protected landscape areas affected by the DC SWE/FIN project is low in all cases and lies between 0 and 19 cells. This measure is most strongly influenced by the infrastructure dimension (see Figure A3 in Appendix E). Increasing the priority for the use of existing infrastructure leads to the highest number of cells passing through protected areas. Although the environmental dimension influences this value, this does not apply to low values for the infrastructure dimension. Acceptance shows the smallest influence on the number of landscape protection cells crossed. This is particularly evident because the changes in the contour diagram are almost orthogonal to the acceptance factor.
The DC SWE/FIN project is significantly longer than the project in Germany and comprises 1171 to 1260 cells (see Figure 12 ). The bandwidth in terms of length is therefore relatively small and there is no extreme increase in the parameter even with extreme weightings. Here, it is again shown that the acceptance dimension has a very small influence on the length of the project. In terms of the number of cells crossed, almost half of the possible weight combinations result in the highest or lowest line length. The use of the existing infrastructure has the most significant influence on the length of the project, followed by the environmental dimension. When analyzing the diagram to compare all possible weighting combinations with evenly distributed weights, the graph (see Figure A4 in Appendix E) shows that the variance in the results is not particularly high. For example, the congruence of most projects is greater than 70%. Only with a weighting for the infrastructure towards zero does the congruence drop to 15%. Again, acceptance has almost no impact on the project, the environment has little impact on the overlap, and the infrastructure has the greatest influence.
The results for the project in Sweden/Finland show that the low population density in this region means that acceptance plays a minor role. However, disregarding this factor completely can lead to a significant number of people being negatively affected. The main driver for this project is the existing infrastructure. This is in line with the results of the project in Germany. When comparing the results for the two DC projects, the dimensions and their impact on the evaluation metrics (apart from the people affected) tend to be in the same direction. Nevertheless, the DC GER project shows stronger volatility in its results. The optimal route based on multi-criteria analysis is more difficult to derive if the observed region is characterized by a high density of population, protected areas, and/or infrastructure, as is the case in the DC GER project. In such regions, increasing or decreasing the priority of different criteria has a much stronger impact on the path than in more homogeneous landscapes.
Conclusions
Transmission line planning and especially routing is a challenging task as different criteria have to be considered to find the best route. Within this study, an approach is presented which can help in the early stages of transmission planning to identify alternative routes of transmission lines and to estimate the impact of different criteria. Therefore, we provide open-source data packages and a script which help stakeholders and decision makers to identify and assess line infrastructure routes such as DC lines. The present work explains our underlying methods of data collection, processing, and algorithms of data preparation, route generation, and assessment. For route generation, different impact dimensions and corresponding criteria can be considered, representing the influence of stakeholders. Additionally, the provided data allow for an analysis of the quality of routes by having the possibility to estimate route-specific evaluation measures. Thus, by varying the weights, the interactions between different dimensions and their sensitivities can be analyzed for specific projects or areas. With two case studies, we demonstrate and verify our approach.
The open-sourced data and scripts allow for infrastructure route project assessments, including the consideration of different impact factors. Although our focus lies on power lines, data and scripts may also be applied to other infrastructure projects such as roads, railroads, and pipelines. To address specific projects in detail, it is likely that higher resolutions will be required. In Appendix A, the source of each raw dataset is given. Each of them is either a vector or a raster layer with a resolution higher than 500 m × 500 m. Thus, to generate small grids with higher resolutions which cover a project-relevant region only (instead of the whole of Europe), original layers from these sources and additional raw data may be processed with the methods of data preparation and processing described in Sections 2 and 3 as well as by adapting the code we provide.
In our case study, we did not directly consider the economic dimension; however, length can be seen as a proxy. Besides limits concerning data quality and availability, some methodological critiques of this paper are presented here. Route rasters are discrete (with values of 0 or 1), not precise lines, which would reflect infrastructure widths. However, due to performance issues and against the backdrop of limited raw data availability, this is a common method for multi-criteria route generation. Another issue is related to the Jenks classification. The raster cells which represent the non-land area are not excluded, which distorts the classification.
In the context of large-scale infrastructure projects, our work contributes to practical project planning, brings transparency to the public, and may improve stakeholder involvement. To further enhance our contribution to the discussion of open science, accessibility to the data and script and their possibilities may be extended, e.g., to develop a graphic user interface and additional scripts for further route assessment variants. Further work is required to take into account economic calculations, to develop an easy-to-use tool for analyses, and to include 3D analysis. Additionally, calculated transmission line routes could be compared in greater details with the actual line routes when announced by the authorities.
Abbreviations
The following abbreviations are used in this manuscript: Figure A2 shows the matching of the paths generated with the proposed corridor for the project. The maximum matching of the path generated using our method is 30% with the proposed path. This low level of matching can be expected because the proposed corridor would have taken into account additional factors such as private/public land, cost differences, etc. However, it can be observed that very low level of matching is achieved when importance is given to only one of the factors. 
